A mass-spectrometric method for a de novo determination of O-glycosylation heterogeneity was developed. We used a mild fragmentation technique, electron capture dissociation (ECD), which enables the determination of glycosylation sites as well as peptide sequencing. To demonstrate the correct identification of glycopeptides, we prepared a series of glycopeptides with the same peptide sequence and 6 different glycan modifications. ECD spectra were obtained at various electron energies, and were analyzed with the Mascot database-search engine. The obtained candidate glycopeptides were further validated by confirming the spectral overlap of ECD fragment peaks with the theoretical peaks. The results indicate that all glycopeptides were unambiguously identified, including glycosylation sites by combining ECD results with different electron energies for each glycopeptide.
Introduction
In glycoprotein or glycopeptide identification, it is of great importance to analyze the glycan structures and glycosylation sites as well as amino-acid sequences, since some kinds of diseases and physiological changes are considered to alter glycosylation sites and/or glycan structures. 1, 2 However, the identification of glycoprotein or glycopeptides by tandem mass spectrometry employing the conventionally used collision-induced dissociation (CID) technique is rather challenging, since glycans are preferentially dissociated from glycoprotein and glycopeptides. 3 Especially, the identification of O-glycosylation sites is more difficult than that of N-glycosylation because of a lack of knowledge on the consensus sequence and clustering tendency of glycosylation sites in O-glycoproteins. Most conventional analyses of a glycoprotein thus give information about the protein and the glycans separately. [4] [5] [6] [7] For analyzing post-translational modifications of proteins or peptides, on the other hand, mass spectrometry with electron-capture dissociation (ECD) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and electron-transfer dissociation (ETD) [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] techniques have recently been developed, since these techniques preferentially cleave N-C(α) bonds. Nonetheless, without any prior knowledge about the glycan types and glycosylation sites, it is still challenging to determine the primary structure of O-glycopeptides precisely. Instead, when glycopeptides with specific glycan structures are selectively isolated from biological samples, for instance, by using a lectin column, the simultaneous identification of their amino-acid sequences and glycosylation sites proved to be promising and more realistic with the combination of liquid chromatography-mass spectrometry (LC/MS) using ECD/ETD and CID. 30, 31 Therefore, it is important to develop a practical technique for an unambiguous identification of glycopeptides with specific glycan structures.
We previously developed a technique for ECD (which works on the LC/MS time scale) in a radio-frequency linear ion trap, 32, 33 and applied this technique to the analysis of O-glycopeptides. [34] [35] [36] In ECD, the dissociation efficiency strongly depends on the electron energy, 37 and thus optimization of the electron energy is a prerequisite for the structure elucidation of glycoprotein or glycopeptide. 35 Another characteristic feature of ECD is that the abundance of particular ECD fragments is rather low, compared to other dissociation techniques. This is due to: 1) the low intrinsic fragmentation efficiency of doubly-charged molecules and 2) the increased number of fragmentation pathways that can compete both kinetically and energetically. To identify glycopeptides it is therefore important to assign weak fragment peaks detected in the ECD spectra. In the following, we describe the analysis of synthetic O-glycopeptides with specific glycan structures by employing our ECD technique, and confirm that their amino-acid sequences with glycosylation sites are identified correctly.
Experimental

Synthesis of MUC5AC glycopeptides
The synthetic glycopeptides analyzed in this study are summarized in Scheme 1. Tandemly repeated decapeptides of MUC5AC, consisting of the sequence PTTVGSTTVG, which is a twice-repeated sequence of the defined tandem repeat unit (TTVGP/S) of MUC5AC in the Swiss-Prot (entry code P98088) database, were synthesized by highly efficient solid-phase peptide synthesis under a 2450-MHz microwave-assisted condition at 50 C.
used for the syntheses of peptides for MUC5AC-1 - 6 and MUC5AC-7, respectively. The resulting glycopeptidyl-resins were cleaved by treatment with a solution consisting of TFA/triisopropylsilane/H2O (95/2.5/2.5, v/v/v) for 2 h at room temperature. The obtained solution was evaporated and, subsequently, reprecipitated with methyl tert-butyl ether (5 mL) in a cold-water bath. The reprecipitated substances were collected by centrifuge (5000 rpm for 10 min), and were applied to purification employing reversed-phase high-performance liquid chromatography with an Inertsil ODS-3 column (f10 × 250 mm) (GL Science, Tokyo).
Instrumentation
Mass-spectrometry experiments were performed on a modified version of a linear ion-trap/TOF mass spectrometer equipped with an ECD cell (NanoFrontier, Hitachi High-Technologies, Tokyo). The instrument is described in detail in our previous publications. 33, 34 A glycopeptide solution was pumped at 1.0 μL/min by a syringe pump into an ESI ion source. Ions formed in the ion source were introduced into the ion trap. The doubly protonated molecule of the glycopeptide was then selected as a precursor ion for ECD. The precursor ion was isolated and transferred to the ECD cell. The electron energy for ECD was set from 1 to 10 eV. The electron-irradiation time was 50 ms, and the electron-beam current was adjusted so that the intensity of the precursor ion decreased by about 70%. The fragment ions were transferred to the TOF. For each glycopeptide, the ECD spectra were integrated for about 5 s, and the measurement was repeated about 20 times to obtain a statistical error.
Data analysis
Peak lists from raw data files were created with an in-house peak-picking program.
In the peak list, the top 99% monoisotopic peaks among the detected ones were included, whereas peaks for the precursor ion and charge-reduced species were excluded. A database search for the peak list was performed by Mascot (2.2.06, Matrix Science, London) using the Swiss-Prot database (57.15) with species specified as homo sapiens. The search parameters were as follows: "None" was selected as the enzyme; "amidated (C-term)" was selected for fixed modification; variable modifications were supplemented by allowing a HexNAc (GalNAc) or HexHexNAc2 (Core2) carbohydrate modification on threonine and serine residues; and ions of c′ and z
• fragments were analyzed. After the database search, glycopeptides hits obtained by Mascot were further validated by matching c′ and z
• ions between theoretical and experimental ECD spectra with an in-house software tool, since weak fragments might not be analyzed with the Mascot. For the unglycosylated peptide MUC5AC-1, unglycosylated Mascot hits were selected for the validation analysis. Figure 1 shows a typical example of the ion-score obtained from the Mascot database search as a function of the electron energy for ECD; the averaged ion score for the correct molecular structure is shown for MUC5AC-6 and -7. The highest ion score for MUC5AC-6 is obtained at an electron energy of 1 eV. Figures 2(a), 2(b), and 2(c) show the ECD spectra for MUC5AC-6 obtained at 1, 6, and 9 eV, respectively. These figures show that the number of fragment-ion peaks increases with increasing electron energy. This trend is common for other glycopeptides, as shown in Fig. 3 and Figs. S1 -S5 (Supporting Information). On the other hand, the highest ion score is obtained in the simplest spectrum at 1 eV. This finding can be ascribed to the fact that the intensities of the most c-fragment ions, which are analyzed in the database search, are relatively high. At 9 eV, as shown in Fig. 2(c) , the ion score is likely to be reduced by the detection of many unassigned peaks, although the sequence coverage is still high. It is reported that a higher energy electron loses its kinetic energy in inelastic ion-electron collisions, which facilitates not only N-C(α) cleavage, but also significant secondary fragmentations. 37 We have also observed secondary ions and thermal energy induced b/y-ions as well as electron-capture derived c/z-ions at higher electron energies (unpublished results). To elucidate the formation processes of the unassigned peaks is, however, beyond the scope of this article.
Results and Discussion
On the other hand, for MUC5AC-7, the maximum ion score was obtained at about 5 eV, as shown in Fig. 1 . At 1 eV, no ion score is obtained, indicating that incorrect candidates are obtained from the search. The corresponding ECD spectrum at 1 eV (Fig. 3(a) ) shows that only a few c-fragment ions have appreciable intensities. It thus seems difficult to identify the correct glycopeptides with these ions. On the other hand, in the spectrum at 9 eV (Fig. 3(c) ), the number of the intense c-fragment ions is increased significantly, but many unassigned peaks are also detected. The highest score at about 5 eV can thus be ascribed to the balance between the number of the intense c/z-fragment ions and the ions of unassigned peaks ( Fig. 3(b) ). The ECD spectra with ion scores for other glycopeptides are given in Figs. S1 -S5. There appears to be some tendency for the optimal electron energy to increase according to the number of glycosylation sites and the bulkiness of the glycans. However, little is known about the mechanism of electron capture for glycopeptides, and thus more intensive ECD experiments are required using glycopeptides with different amino acid sequences, glycosylation sites, and/or glycan moieties to understand the ECD mechanism in an electron energy-dependent manner. 36 Since it is difficult to predict the electron energy for the highest ion score only from the precursor ion's m/z, we conclude that the ECD spectra should generally be obtained at various electron energies.
Figures 2 and 3 also show the sites of backbone cleavage on the amino-acid sequence as well as the two glycosylation sites. Both of these sites are obtained by the peak interpretation for the correctly predicted glycopeptide candidates obtained from the database search. That is, the monoisotopic peaks with their charges for each fragment ion predicted from the glycopeptide candidate are compared with those for the detected fragment peaks in the ECD spectrum. The backbone cleavage sites, shown as black arrows in the figures, are solely determined by the peak interpretation using in-house software. The Mascot score is based on the calculated probability that the observed match between the experimental data and the database sequence is a random event. It thus correlates with not only the ratio of the number of matched and unmatched peaks, but also the number of background unassigned peaks. In particular, the true c/z ion with relatively weak intensity may be neglected by the Mascot search. The in-house software rescues that kind of false-negative matching by individually checking the theoretical 
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In the Mascot database search for the ECD spectrum of MUC5AC-6 obtained at 9 eV, a glycopeptide candidate, namely, VTVRTSAEFL, with an ion score of 12.6 is obtained besides the correct one with the average ion score of 20.3, where the underline shows the glycosylation site for GalNAc (HexNAc). For this candidate, the peak interpretation is made in the ECD spectrum obtained at 9 eV. As shown in Fig. 4(a) , the number of assigned backbone-cleavage sites is actually high. However, as shown in Fig. 4(b) , the predicted peaks for this candidate show less consistency with the detected peaks in the ECD spectrum obtained at 1 eV, compared with the peaks for the correct candidate shown in Fig. 2(a) . Considering the electron energy dependence, this candidate is confirmed to be a false positive. The peak interpretation described above is applied to the ECD spectra for all of the synthesized peptides, and it has been confirmed that all of the glycopeptides are identified correctly. Although no CID spectrum was obtained throughout this study, the use of CID combined with ECD is expected to be helpful, especially when the ECD analysis does not give sufficient peak assignment information for the identification of proteins or peptides. Besides MUC5AC glycopeptides, we have also analyzed various mucin-like glycopeptides using ECD at different electron energies, and contributed to the structural and functional elucidation of complicated glycopeptides. [34] [35] [36] In summary, we have demonstrated the effectiveness of our technique for the unambiguous identification of glycopeptides with specific glycans by the experiments using synthetic glycopeptides. Firstly, ECD spectra for each glycopeptide were obtained at different electron energies; e.g., 1, 6, and 9 eV. Secondly, they were analyzed with the Mascot database search engine, from which glycopeptide candidates together with their ion scores were obtained. The variety of glycopeptide candidates could be further expanded by taking potential glycosylation sites into account, while the number of glycosylation sites remained unchanged. Thirdly, the predicted fragment peaks for each candidate were compared with the detected peaks. Finally, the amino-acid sequence and the unique glycosylation site(s) were uniquely identified when the fragment peaks predicted from a candidate were consistent with those detected in the ECD spectra obtained at different electron energies.
Note that the doubly protonated MUC5AC-7 with a rather high m/z of 1028.0 was readily identified, whereas ETD fragmentation of the precursor ions with m/z above 850 was inefficient. 39 This result can be ascribed to optimization of the dissociation efficiency by changing the electron energy for ECD. 
